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Brief UltraRapid Communication
A dult cardiac stem cells recently have been introduced in the treatment of cardiovascular diseases with encouraging results. 1 During the course of tissue repair, stem/progenitor cells self-renew to expand their pool and differentiate to create specialized progeny. Stem/progenitor cells modulate their cell fate decisions through their modality of replication, with either symmetric or asymmetric division. With symmetric stem cell division, 2 identical daughter cells are formed that retain stem cell properties or become early committed cells. With asymmetric stem cell division, 2 daughter cells with divergent fates are generated, one capable of self-renewal and the other committed to differentiation. 2 Although during physiological tissue homeostasis progenitor cells divide asymmetrically, these progenitor cells revert to symmetric division and rapid proliferation after tissue injury, a pattern of cell growth postulated for the damaged human heart and in neuronal progenitor cells. [3] [4] [5] Similarly, after cardiac injury, we previously have found that endogenous cardiac progenitor cell populations are acutely reduced and are replenished within days by self-renewal and proliferation. 6 The molecular cues that dictate the mechanisms of stem cell division, however, remain unclear.
The cell surface ATP-binding cassette G-subfamily transporter 2 (Abcg2), is highly expressed in several reported stem/progenitor cell populations and is responsible for the DNA-binding dye extrusion that marks the population phenotype of cardiac side population (CSP) progenitor cells. 7, 8 Moreover, we have found that expression of Abcg2 may influence CSP proliferation. 9 Herein, we provide evidence demonstrating that Abcg2 directly regulates cell cycle progression in CSP cells with loss of Abcg2 resulting in delayed G1-S transition. Additionally, Abcg2 regulates in CSP cells the switch between symmetric and asymmetric cell division, determining progenitor cell fate decisions. These findings establish that the Abcg2 transporter is a critical determinant of cardiac progenitor cell function and may be essential for cardiac regeneration.
Methods

Cell Cycle Analysis Using the Fluorescence Ubiquitination Cell Cycle Indicator Lentiviral System
Fluorescence ubiquitination cell cycle indicator (FUCCI)-expressing CSP cells were synchronized in G1 and analyzed by flow cytometry or confocal live-cell imaging for up to 40 hours after synchronization for the expression of Cdt1 and geminin. An expanded Methods section describing all procedures and protocols is available in the Online Data Supplement.
Results
Abcg2 Controls Cell Cycle Progression of CSP Cells
To determine the influence of Abcg2 on CSP proliferation, cell cycle progression was assessed in CSP cells isolated from transgenic mice lacking Abcg2 (Abcg2 knockout [KO]) and wild-type mice (WT). Deletion of Abcg2 was associated with a reduction in the number of CSP cells in S and G2/M phases of the cell cycle, whereas the fraction of cells in G0/G1 increased ( Figure 1A-1C ). To characterize the length of the cell cycle in WT CSP cells and Abcg2-KO CSP cells, a lentivirus-based fluorescent ubiquitination-dependent cell cycle indicator was utilized. Flow cytometric analysis of presorted FUCCI-expressing WT and Abcg2-KO CSP cells 24 hours postsynchronization revealed striking differences in the distribution of cells within the various phases of the cell cycle. WT CSP cells were actively cycling with the majority of cells residing within the G1-S transition. In contrast, most Abcg2-KO CSP cells were in G1 and only a small fraction of Abcg2-KO CSP cells were in G1-S or S-G2-M phases (Figure 2A and 2B). More than 50% of Abcg2-KO CSP cells were in early G1.
Abcg2 Regulates G1-S Transition in CSP Cells
To elucidate the effects of Abcg2 on cell cycle progression, we monitored cell cycle kinetics in WT and Abcg2-KO CSP cells. WT CSP cells entered G1-S transition as early as 14 hours postsynchronization (data not shown). Within 24 hours, WT cells in G1 reached a peak, followed by a progressive decrease and concomitant entry into S-G2-M. Entry in G2-M was rapidly followed by evidence for cell division ( Figures 2C and 2E ). In contrast, Abcg2-KO CSP cells were unable to progress through the cell
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ATP-binding cassette G-subfamily transporter 2 CSP cardiac side population cycle and remained largely in G1 40 hours postsynchronization ( Figures 2D and 2F ). Moreover, only 4% of Abcg2-KO CSP cells were in G1-S transition and 12% were in S/ G2/M phase at 40 hours; these values were negligible at 18 hours ( Figure 2D and 2F). Modeling of cell exit from the G1 phase using a plateau followed by exponential decay model 10 revealed that the time required for 50% of the cells to exit G1 (T 50 ) was 20.2 hours for WT CSP cells,
whereas Abcg2-KO CSP cells had a T 50 of 32.6 hours ( Figure 2G and 2H) . Confocal time-lapse, live-cell imaging documented that WT CSP cells cycled normally, whereas Abcg2-KO CSP cells remained predominantly confined to G1 ( Figure 2I and 2J and Online Videos I and II). Collectively, these data strongly suggest that Abcg2 regulates the cell cycle in CSP cells. 
Abcg2 and Cell Cycle Gene Expression Profile of CSP Cells
Based on these observations, we next determined the expression of cell cycle regulatory genes in WT and Abcg2-KO CSP cells. After short hairpin RNA (shRNA) lentivirus mediated silencing of Abcg2 (sh-Abcg2), the expression of cyclin C, cyclin D1, and cyclin E was downregulated ( Figure  3A and Online Table I ). Moreover, negative regulators of the cell cycle, including p27, were upregulated ( Figure 3A and Online Table I ). Strikingly, the absence of Abcg2 increased significantly the expression of DNA damage-related genes such as Atm, Msh2, p53, Smc1a, Rad51, Brca1, and Brca2 ( Figure 3B and Online Table I ).
Abcg2 and Asymmetric Stem Cell Division
The dual fundamental property of stem cells is to selfrenew and differentiate. 2 Immunolabeling for the cell fate determinant α-adaptin demonstrated that sh-Abcg2 CSP cells preferentially divided asymmetrically (65.3%±5.4% vs scramble 27.9%±6.6%) ( Figure 4A-4D ). Moreover, in comparison with sh-Abcg2 CSP cells, a higher number of scramble CSP cells expressed the cell fate determinant, numb ( Figure 4E-4G) , supporting the concept that during division in Abcg2-deficient cells, the fate determinants segregate asymmetrically to one daughter cell.
Discussion
Despite accumulating evidence regarding the therapeutic benefits of stem cell therapy, little is known regarding the molecular mechanisms that dictate progenitor cell homeostasis. The identification of novel regulators of cardiac stem/progenitor cell self-renewal is of paramount importance for the development of new strategies for treatment of chronic heart failure. Such regulators may allow for manipulation of endogenous progenitors enhancing tissue regeneration after injury. The expansion of stem/progenitor cells through symmetric divisions, followed by a switch toward a differentiated progeny via asymmetric division, would greatly enhance myocardial repair. In this context, the identification of the molecular variables that regulate the balance between symmetric and asymmetric stem cell division is of great relevance for the expansion and lineage specification of resident stem cells. In this report, we have identified that the cell surface transporter Abcg2 is a critical determinant of cell cycle progression and transition between symmetric and asymmetric stem cell division in cardiac progenitor cells. Regulation of cardiac progenitor cells by either direct modulation of Abcg2 expression or indirectly through manipulation of Abcg2 substrates may represent a promising approach for cell-based therapy. Abcg2 activation after cardiac injury could allow the restoration and increase of progenitor cell numbers, whereas inhibition of the transporter and activation of asymmetric cell division of cardiac progenitors would promote tissue regeneration. Stem cell fate decisions such as proliferation, quiescence, and differentiation are influenced by the cell cycle. 11 Interestingly, an association may be present between the length of G1 and asymmetric cell division, further highlighting the significance of the effects of Abcg2 in CSP cell growth and commitment. [11] [12] [13] [14] Cells exhibiting high self-renewal ability, such as embryonic stem cells, have a short G1 phase, which is significantly prolonged with differentiation. 11 Similarly, inhibition of G1 in adult neural stem cells results in neurogenesis, whereas shortening of G1 promotes their expansion through symmetric divisions. 12, 15 By a number of techniques and approaches, our data show that the majority of Abcg2-KO CSP cells reside in the G1 phase of the cell cycle. In addition to the prolonged G1 phase and delayed entry in S phase, crucial cell fate determinants such as α-adaptin and numb were asymmetrically segregated in Abcg2-deficient CSP cells. These results strengthen the notion that the length of the cell cycle is linked to the mode of cell division in cardiac progenitor cells. We cannot exclude the possibility that a fraction of CSP cells negative for both probes could exit the cell cycle and reside in G0. These cells would correspond to daughter cells acquiring a committed fate or cells undergoing apoptosis. In fact, lack of Abcg2 increases apoptotic and necrotic cell death in basal conditions. 9 Evidence of apoptotic cells also can be seen in the live cell imaging data. Interestingly, the role of Abcg2 in the regulation of the mode of division may extend beyond progenitor cells to transformed cancer cells, in which high expression of Abcg2 and unchecked symmetric division have been described. [16] [17] [18] [19] Importantly, it remains to be determined whether loss of Abcg2 influences the replication of CSP cells and the replenishment of endogenous progenitor cell niches after cardiac injury. Abcg2 is a membrane-bound transporter that is primarily responsible for the cytoplasmic clearance of a number of substrates. 8 We previously have shown that Abcg2 expression is regulated in a developmental manner in CSP cells. 9 Abcg2 is highly expressed in neonatal CSP cells and its expression decreases with age. Moreover, during hypoxia, Abcg2 has been shown to be regulated by hypoxia-inducible factor 1α signaling 20 and to be upregulated by Epidermal Growth Factor 21, 22 and Epidermal Growth Factor Receptor 23 in transformed cells. The regulation of Abcg2 expression may, in part, be modulated by use of alternative 5′ untranslated region leader exons. 24 Abcg2 downstream signaling, however, remains completely undefined and the exact mechanisms by which Abcg2 regulates cell cycle and mode of division are unclear at the present time. It is likely that levels of certain molecules are altered in cells lacking Abcg2, and such yet-to-be-defined molecules may subsequently reprogram the cell cycle mode of CSP cells directly or indirectly toward asymmetric division. For instance, Abcg2 has been shown to regulate embryonic stem cell function through maintenance of porphyrin homeostasis. 25 A number of reports suggest that p53 inhibits proliferation while promoting asymmetric cell divisions. 26, 27 Notably, lack of Abcg2 in CSP cells increases the expression of several cell cycle inhibitors such as p27 as well as p53, a well-known stress sensor. At the present time, we cannot exclude the possibility that Abcg2 may directly interact with other signaling cascades to influence cell division. Further investigation is required to address the exact role of Abcg2 in the regulation of progenitor cell mode of division. Stem/ progenitor cell function, including both proliferation and mode of division, is highly sensitive to external signals from the stem cell microenvironment, or stem cell niche, 28 including those effector pathways originating from neighboring progenitors, tissue stromal and parenchymal cells, and potentially extratissue-infiltrating cells. Given that Abcg2 is a cell surface transporter, it may function to link internal and external signals and thereby regulate the function of progenitor cell populations via the microenvironment.
